This study aimed to assess whether preoperative oxidative stress levels can predict postoperative complications in patients undergoing cardiac surgery. Ninety-five cardiac surgery patients received an assessment of preoperative oxidative stress by measurement of hydroperoxide values in blood via the d-Rom test. Area under the receiver operating characteristic curve and also multivariate logistic regression were used to evaluate the prognostic significance of preoperative hydroperoxide concentrations in predicting the occurrence of major organ morbidity and mortality (MOMM). MOMM included death, deep sternal infection, reoperation, stroke, renal failure requiring haemodialysis and prolonged ventilation (>48 hours). The ability of preoperative hydroperoxide concentrations to predict MOMM was not significantly different from that of the European system for cardiac operative risk evaluation (EuroSCORE) (area under the receiver operating characteristic curve 0.822 versus 0.821 respectively, P=0.983). The optimal threshold value of hydroperoxide concentration to differentiate between patients with and without MOMM was 450 UCarr (sensitivity, 87.0%; specificity, 81.9%). Duration of intensive care unit stay, mechanical ventilation time and hospital stay were significantly longer in patients with preoperative hydroperoxide concentrations ≥450 UCarr (H group) compared to those patients with preoperative hydroperoxide concentrations <450 UCarr (L group). An increase in preoperative hydroperoxide concentrations remained associated with an increased risk of MOMM (odds ratios: 1.01, 95% confidence interval: 1.00 to 1.03) and prolonged intensive care unit stay (odds ratio 1.01, 95% confidence interval: 1.00 to 1.02), after adjusting for age, gender and EuroSCORE. In conclusion, an increased hydroperoxide concentration before cardiac surgery is an independent risk factor for severe postoperative complications.
Ischaemia-reperfusion injury may cause critical damage to the myocardium and is a significant complication after cardiac surgery. Oxidative stress is one of the main initiators of myocardial injury after ischaemia-reperfusion 1 . In animal studies of isolated rat heart, ischaemia-reperfusion has been shown to generate oxygen-derived free radicals 2 and this production could be prevented by administering a free radical scavenger agent and an antioxidant 3 . Cardiopulmonary bypass (CPB), including cardioplegic arrest and elective global ischaemia of the heart, is often necessary for performing cardiac surgery.
However, CPB can induce the production of reactive oxygen species (ROS) and this can increase the risk of myocardial dysfunction after CPB. The oxidative stress during reperfusion may lead to low cardiac output syndrome, which necessitates administration of inotropic agents 4 and has a significant correlation with the incidence of atrial fibrillation in cardiac surgery patients 5 . Recently, the patients undergoing cardiac surgery have become older and often have a number of comorbidities 6 . Additionally, the number of patients who undergo high-risk cardiac surgery is increasing 5 . For example, the percentage of patients who underwent combined valve and coronary artery bypass grafting surgery is increasing, whereas the rate of patients referred for isolated coronary artery bypass grafting surgery is decreasing 7 . This trend has led to an increased incidence of severe postoperative complications including prolonged ventilation time and intensive care unit (ICU) stay 8 .
An ability to accurately predict risks for cardiac surgery is of pivotal importance, both for quality assurance purposes and in optimising patients before surgery. Recently, either brain natriuretic peptide (BNP) or N-terminal pro-B-type natriuretic peptide has been shown to predict postoperative adverse outcomes 9, 10 . Because oxidative stress can contribute to myocardial injury after ischaemia and reperfusion 1 , it is possible that markers of oxidative stress before surgery can be useful in predicting outcomes after cardiac surgery. One of these oxidative stress markers is hydroperoxide in the blood, and this can be measured easily by the d-Rom test [11] [12] [13] . In this study we assessed the ability of preoperative hydroperoxide concentrations, measured by the d-Rom test, to predict mortality and major complications in patients undergoing cardiac surgery.
METHODS

Patient and perioperative management
After obtaining approval from the ethics committee (ethics approval number: 2260) and written informed consent, 95 patients who had elective cardiac surgery requiring CPB were enrolled in the study. Patients who were on haemodialysis were excluded.
Before anaesthesia induction, an arterial blood pressure catheter was inserted into the radial artery, from which blood samples were drawn to measure preoperative hydroperoxide concentration. General anaesthesia was induced by a combination of intravenous propofol (1 to 2 mg/kg), fentanyl (2 to 6 µg/ kg), midazolam (0.05 to 0.1 mg/kg), and rocuronium (0.6 to 0.8 mg/kg) and maintained using sevoflurane (1.0% to 2.0%), fentanyl (20 to 40 µg/kg per case as the total dose) and rocuronium (10 to 25 mg/h). During CPB, general anaesthesia was maintained with a continuous propofol infusion (2 to 3 mg/kg / h) aiming at a bispectral index between 40 and 60 (version 4.0, Aspect Medical System, Natick, MA, USA). A central venous catheter and thermodilution pulmonary artery catheter were inserted into the right internal jugular vein and their positions confirmed by their pressure wave and transoesophageal echocardiography. Patients were intubated and mechanically ventilated with a tidal volume of 8 ml/kg of ideal body weight.
In all cases, standard CPB management was performed, with the standard blood flow rates and mean arterial pressure maintained at 2.6 l/minute/ m 2 and between 50 and 80 mmHg, respectively. The arterial carbon dioxide tension value was maintained at 40 mmHg or greater by alpha-stat management and the haematocrit value was maintained above 22%. Antegrade and retrograde crystalloid cardioplegia and mild hypothermia (32 °C rectal temperature) were used. In cases of circulatory arrest and cerebral perfusion, the rectal temperature was maintained below 26 °C. Right-sided cerebral perfusion was managed at 700 ml/minute using the right axillary artery. Selective left-sided cerebral perfusion with the subclavian and left common carotid artery was maintained at 250 ml/ minute. During cerebral perfusion, we managed mean arterial pressure in the right radial artery between 40 and 50 mmHg. If both cardiac index (<2.0 l/minute/ m 2 ) and systolic blood pressure (<80 mmHg) were low despite the administration of inotropic drugs after separation from the CPB, an intra-aortic balloon pump was inserted.
All patients were admitted to the ICU following surgery. The data on patients' postoperative courses were obtained from the medical records. The surgeons who performed the postoperative management were blinded to the preoperative oxidative stress levels. The criteria for patients to be discharged from the ICU were as follows: (1) arterial oxygen saturation >95% on <5 l/minute supplemental O 2 ; (2) <2 intravenous inotropic drugs; (3) removal of arterial and pulmonary artery catheters; (4) absence of unstable arrhythmias; (5) urine output >1 ml/kg/hour; and (6) chest tube drainage <10 ml/hour. Receiver operating characteristic analysis to assess the prognostic performance of preoperative hydroperoxide levels and EuroSCORE in relation to major organ morbidity and mortality after cardiac surgery. The area under the receiver operating characteristic curve was 0.822 for hydroperoxide levels, which was not significantly different from that of EuroSCORE (EuroSCORE area under the curve: 0.821, P=0.983). The optimal threshold value of hydroperoxide was 450 UCarr (sensitivity, 87.0%; specificity, 81.9%). 
Assessment of preoperative oxidative stress levels
We assessed the preoperative oxidative stress levels using the d-Rom test run on a FRAS analyser (Wismerll Co. Ltd, Tokyo, Japan). The d-Rom test is a spectrophotometric method which evaluates oxidative stress levels by measuring the total amount of hydroperoxides in the blood. Hydroperoxides are intermediate oxidative products of amino acids, peptides and lipids. The d-Rom test is a simple method and can measure hydroperoxides levels with high sensitivity in less than 10 minutes [11] [12] [13] . Briefly, the blood sample is first centrifuged, and then 20 microlitres is diluted in an acetate buffered solution of pH 4.8. The hydroperoxides react with transition metal ions released from the proteins of the acidic medium and, via the Fenton reaction, they are converted to alkoxy and peroxy radicals. These radicals are trapped chemically with 20 microlitres of chromogen (N, N-diethyl-para-phenylenediamine) by formation of radical cations. The concentration of the cations in Carratelli units (UCarr) is then measured by spectrophotometry with absorption at 505 nm. One UCarr is equivalent to 0.8 mg/l H 2 O 2 .
Statistical analysis
We defined major organ morbidity and mortality (MOMM) as recommended by other studies 14, 15 , including death, deep sternal infection, reoperation, stroke, renal failure requiring haemodialysis and prolonged ventilation (>48 hours).
The area under the receiver operating characteristic (ROC) curve was used to assess the discriminative ability of preoperative hydroperoxide concentrations, and the European system for cardiac operative risk evaluation (EuroSCORE) to differentiate between patients with and without MOMM. We then grouped the patients into two subgroups based on their preoperative hydroperoxide conentrations, as determined by the ROC threshold (High (H) group: patients with hydroperoxide levels greater than or equal to the threshold value; Low (L) group: patients with hydroperoxide levels less than the threshold value). Intergroup comparisons were also made at the point of perioperative complications. Separate multivariate logistic regression models with backward variable entry were used to assess the independent effects of perioperative variables in predicting the occurrence of MOMM, prolonged ventilation (>24 hours), and prolonged ICU stay (>3 days). We performed a preliminary study which showed that the standard deviation of hydroperoxide values in non-MOMM patients was 125 UCarr. A power analysis demonstrated that a sample size of 90 subjects was sufficient to detect a difference of 100 UCarr in hydroperoxide concentrations between Figure  1 ). The optimal threshold value of hydroperoxide to differentiate patients with and without MOMM was 450 UCarr (sensitivity, 87.0%; specificity, 81.9%). We then divided patients into two groups according to this threshold of hydroperoxide concentration (H group, preoperative hydroperoxide levels ≥450 UCarr (n=33); L group, preoperative hydroperoxide levels ≤450 UCarr (n=62)).
Preoperative and perioperative data from both groups are described in Table 1 and Table 2 . Gender, age, New York Heart Association classification, preoperative BNP levels, diastolic function (peak mitral valve early diastolic velocity/tissue Doppler peak early diastolic myocardial velocity ratio (E/ E`)), EuroSCORE, incidence of preoperative atrial fibrillation and chronic kidney disease were significantly different between the two groups. Postoperative duration of mechanical ventilation and ICU and hospital stay were all significantly longer in the H group than in the L group. As for postoperative complications, delirium, reoperation for bleeding, respiratory failure requiring tracheostomy and MOMM were all more common among the H group patients than the L group patients.
In the multivariate logistic regression analysis, elevated preoperative hydroperoxide concentrations remained associated with an increased risk of MOMM (odds ratios 1.01, 95% confidence interval 1.00 to 1.03), prolonged ICU stay (odds ratio 1.01, 95% confidence interval 1.00 to 1.02) and mechanical ventilation after adjusting for other important covariates including age, gender, EuroSCORE, ejection fraction and BNP concentrations (Tables 3a-c, respectively). Although EuroSCORE and preoperative BNP level were associated with risk of MOMM in the univariate analysis, these prognostic factors were no longer significantly associated with MOMM after adjusting for oxidative stress levels.
DISCUSSION
This study found that the preoperative hydroperoxide level in blood was a good predictor of MOMM and the optimal threshold value was 450 UCarr (sensitivity, 87.0%; specificity, 81.9%). Patients with higher preoperative hydroperoxide levels were associated with a longer ICU stay, mechanical ventilation time and hospital stay after surgery. Furthermore, multivariate logistic regression analysis demonstrated that elevated preoperative hydroperoxide level was an independent risk factor for MOMM, whereas the preoperative BNP level and EuroSCORE were not. These results indicate that the preoperative hydroperoxide level is a good predictor of severe postoperative complications in cardiac surgery and its reliability is significantly better than that of the preoperative BNP level and EuroSCORE. Several studies have shown that oxidative stress, defined by an excessive production of ROS, is increased in heart failure [16] [17] [18] [19] . In the present study, we hypothesised that the elevated hydroperoxide concentrations were related to the preoperative heart failure state of the patients. The plasma BNP concentrations are expected to be elevated in patients with heart failure 20 and our results demonstrated a significant correlation between the preoperative values of hydroperoxide and BNP (r=0.593, P <0.001). Similarly, a study by Belch and colleagues 16 indicated that plasma malondialdehyde concentrations, a biomarker for oxidative stress, were significantly higher in patients with congestive heart failure and had an inverse association with left ventricular systolic function (r=-0.35). Moreover, Mallat and co-workers 19 reported that pericardial fluid levels of 8-iso-prostaglandin F2alpha, a specific and quantitative marker of oxidant stress, were elevated in patients with valvular and ischaemic heart disease referred for cardiac surgery and associated with the functional status of the patients (New York Heart Association classification) and also echocardiographic ventricular indices. Our results are consistent with the findings of this previous study. Importantly, an accurate determination of the hydroperoxide level using the d-Rom test can be completed in less than 10 minutes, much quicker and simpler than the other measurements used previously [16] [17] [18] [19] . Oxidative stress increases when ROS generation exceeds the antioxidant defence mechanisms 20 . A previous study in animal models by Hill and Singal 18 indicated that heart failure after myocardial infarction is associated with a deficiency in antioxidant mechanisms as well as increased oxidative stress, beginning in the left ventricle and progressing to the right. Furthermore, these changes had a significant correlation with the haemodynamic variables in each of the ventricles-suggesting that antioxidant deficits and oxidative stress are increased in ventricular dysfunction 18 . Conversely, superoxide dismutase, glutathione peroxidase and catalase activities were not decreased in pacing-induced heart failure rat models 21 . As such, oxidative stress in heart failure may be caused by an excessive generation of ROS, rather than antioxidant deficits.
In cardiac surgery patients, many clinical studies have shown significant correlations between perioperative oxidative stress and clinical outcomes 4, 5, 22 . For instance, Kunt and Andac 4 revealed that total antioxidative capacity -a measurement of myocardial antioxidative protection -was decreased in patients with low cardiac output syndrome after coronary artery bypass grafting. In a study by Ramlawi and coworkers 5 , patients with new-onset atrial fibrillation after cardiac surgery had a significantly high level of oxidative stress. Our results are supported by these studies. Previous studies have shown that preoperative BNP levels and EuroSCORE are useful in predicting adverse outcomes after cardiac surgery 10, 23 . In the present study, preoperative hydroperoxide levels had significant correlations with preoperative BNP and EuroSCORE and appeared to be better than BNP and EuroSCORE in predicting MOMM after cardiac surgery. The reason for this result remains unclear and could be related to using MOMM as the main endpoint in our study but not in previous studies 10, 23 . The use of interventions to reduce oxidative stress to prevent postoperative complications in cardiac surgery remains controversial 24, 25 . El-Hamamsy and 
